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Introduction

The genus Laticauda is considered by some workers to constitute the most primitive group of
the sea snake family Hydrophiidae. However, others consider that Laticauda (Laticaudinae) and
the true sea snakes (Hydrophiinae) are more likely to have had separate origins within the

front-fanged proteroglyphous snakes (family Elapidae).
The paper considers morphological evidence for the relationships of laticaudines at a number

of levels. Firstly, variation within the currently recognized species of Laticauda is discussed and
clinal variation within the wide-ranging forms L. laticaudata, L. colubrina, and L. semifasciata/

schistorhynchus is reviewed. The status of L. crockeri, a form endemic to a brackish water lake

on Rennell Island (Solomon Islands), is considered and its relationships with L. laticaudata, to

which it is sometimes regarded as being only subspecifically related, are discussed. Next, the rela-

tionships between Laticauda species are analysed using both phenetic and phylogenetic methods
of analysis. In terms of overall (phenetic) resemblance, L. colubrina is closer to the L. laticaudata/
crockeri lineage than to the divergent L. semifasciataj schistorhynchus lineage. Under phylogenetic
analysis however, L. colubrina emerges as being somewhat transitional between the two lineages.

Finally, the wider relationships of Laticauda are investigated, again using both phenetic and

phylogenetic methods. Laticauda clearly shares more overall similarity with terrestrial elapines
than with the hydrophiine sea snakes examined. However, when the same data are subjected
to phylogenetic analyses (parsimony and compatibility methods) a rather conflicting picture

emerges, but, in spite of the incompatibilities, the balance of evidence seems to support the

hypothesis of comparatively close association between laticaudines and hydrophiines (a scheme
that is also congruent with recent immunological studies).

Malcolm Smith (1926: xi), in his classic work on sea snakes (Hydrophiidae), regarded Lati-

cauda as the most primitive sea snake genus and suggested a dual origin of the Hydrophiidae; the

Laticaudinae (in which he placed Laticauda, Aipysurus and Emydocephalus} from Australia and
the Hydrophiinae (containing the remaining sea snakes) from Indo-Malaya. Later he appeared
to slightly modify his opinion by stating (Smith 1943: 439) that the Laticaudinae and Hydro-
phiinae 'are united through Ephalophis'. Underwood (1967: 1 10) however mentioned that a case

still had to be made that Laticauda is related to the other sea snakes and McDowell (1967, 1969,

1972, 1974) has argued that Laticauda is not closely related to the true sea snakes (Hydrophiinae
including Aipysurus and Emydocephalus) but represents an independent marine adaptation of
a group of elapids comprising the Asiatic coral snakes (Calliophis, Maticora), the American
coral snakes (Micrurus and Micruroides} and an elapid from Bougainville, Solomon Islands

(Parapistocalamus) .

Some workers have accepted McDowell's theory, for example Smith et al. (1977) even pro-

posed a radical change in classification with Laticauda being placed in the subfamily Elapinae of

the family Elapidae and remaining sea snakes being assigned to the subfamily Hydrophiinae of

the family Hydrophiidae. Others have, however, regarded the position of Laticauda as equivocal

e.g. Voris (1977) grouped Laticauda and true sea snakes together in the same family (Hydro-

phiidae) but stated that Laticauda is 'a group of very closely related species distinct from all other

sea snakes and either represent an independent evolutionary line or a very early separation from
all other sea snakes'.
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Recent immunological evidence (e.g.Cadle & Gorman, 1981; Mao et al., 1983) suggests that

Laticauda and true sea snakes are relatively closely related although Mao et al. (1983: 870) state

that 'the Hydrophiinae are much closer immunologically to the Australian elapids than is the

genus Laticauda
1

.

In the belief that this somewhat confused picture could possibly be clarified by phylogenetic

methods of analysis, the author undertook a study of the morphological characters which bear

upon the relationships of Laticauda (McCarthy, 1982). While no very clear answer to the central

problem was obtained the resulting data set has a number of interesting aspects which are

presented here.

Intraspecific variation in Laticauda

The genus Laticauda has an extensive distribution from the Bay of Bengal through the Indo-

Australian area, north to Japan and west to some South Pacific islands (Niue, Tonga and

Samoa); there are even unconfirmed reports of the occurrence of one species on the west coast of

Central America (Fig. 1).

Five species are currently assigned to the genus although two of these (L. crockeri and L.

schistorhynchus) are regarded by some authorities as being only subspecifically distinct. Two of

the species (L. laticaudata and L. colubrind) together occupy almost the entire known range of the

genus. L. semifasciata and L. schistorhynchus appear very closely related to each other but have

peculiarly disjunct distributions (see below). L. crockeri, a close relative of L. laticaudata, is

confined to a land-locked lagoon on Rennell Island, Solomons.

Fig. 1 Distribution of laticaudine sea snakes. Stippled shading = Joint distributions of Laticauda

colubrina and L. laticaudata (there are also some reports of L. colubrina from Central America,

p. 1 34). Vertical line shading = Distribution of L. semifasciata. Oblique line shading = Distribution

of L. schistorhynchus. Asterisk = Distribution of L. crockeri.
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Laticauda laticaudata (Linnaeus, 1 758)

129

A wide-ranging species regarded (e.g. Klemmer, 1963) as comprising two subspecies:- L. I.

laticaudata (Linnaeus, 1758) from Philippines, Indo-Australian Archipelago, New Guinea,
Australia, Oceania and L. I. affinis (Anderson, 1871) from India, Malay Peninsula, South China,
Taiwan and Ryukyu Retto (Japan).

According to Stejneger (1907: 404) the two forms may be distinguished on colour pattern.
L. laticaudata laticaudata has a light horse-shoe shaped mark, on top of the head, which
bends down behind the eye to reach the lip. In contrast, the light horse-shoe shaped mark in

L. laticaudata affinis does not curve down behind the eye (Fig. 2). Additional differences between
the two forms, cited by Stejneger, include: light coloured rings on belly 4-5 ventrals wide in L. /.

laticaudata which also has no or one incomplete light ring on the neck; in L. I. affinis the light

belly rings are 1-3 ventrals wide and there are usually two incomplete light neck rings. Stejneger
also commented that the extent to which these characters held good in a large series required

investigation.

Fig. 2 Head coloration in Laticauda laticaudata. (a) Typical 'eastern' form (Loo Choo); note that the

light mark does not turn down posterior to the eye. (b) Typical 'western' form (Tasmania); note the

down-turned light mark.
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Table 1. Laticauda laticaudata, geographical variation.

Registration
number 1
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none of the 1 1 western forms have this condition; the intermediate specimens from Ternate and
Deli have two and one incomplete neck rings respectively). If subspecies of L. laticaudata are
deemed worthy of recognition, which seems unwarranted owing to the apparently clinal nature of
the variation between eastern and western forms, Enderman (1970 unpublished ms.) observes
that Linnaeus's type of laticaudata was probably based on an Asiatic specimen; he would there-

fore relegate affinis (Anderson, 1871) to the synonymy of L. /. laticaudata. In this event the name
available for the Pacific population appears to be L. I. muelleri (Boulenger, 1896).

Laticauda crockeri Slevin, 1934

Endemic to Lake Tegano (
= Te-Nggano), Rennell Island, this species resembles L. laticaudata in

several respects. The main points of difference between the two forms are outlined below:

L. crockeri L. laticaudata

1. Midbody scale rows 19; 1. Midbody scale rows

occasionally 21 invariably 19

2. Ventral scales 192-207 2. Ventral scales 219-252
3. Strong but variable tendency 3. Not melanistic, head pattern and

to melanism; some individuals body banding always clearly
almost uniformly dark. visible.

Slevin's (1934) description of L. crockeri was based on one uniformly dark brown specimen, with
21 midbody scale rows, collected in Lake Tegano in 1933. In 1956, Vols0e described a new sub-

species from the lake, L. laticaudata wolffi based on three individuals all with 19 midbody scale

rows and with a degree of melanism i.e. 'head entirely black above and dark brown below'

ground colour of body 'dark slate grey dorsally (almost merging with the black bands)'. He
further noted that L. laticaudata wolffi appeared to differ from Slevin's description of L. crockeri

in only two respects:- in the number of scale rows (19 vs. 21) and in coloration. In addition,
Vols0e reported that L. colubrina also occurred in the lake. He therefore described the following
situation:

This freshwater lake is inhabited by no less than three different species of sea

snakes all belonging to the same genus Laticauda namely:
1. L. colubrina. The lake population is undifferentiated from the typical form
which occurs also along the shores of the island.

2. L. laticaudata wolffi. Subspecifically distinct from the nominate form which
has not been taken from the shores of Rennell Island . . .

3. L. crockeri. An endemic species with unknown relationships to other species
of Laticauda.

Later, Vols0e (1958) described nine further specimens of L. 'laticaudata' from the lake. He
recorded that eight had 19 midbody scale rows (like L. I. wolffi) whereas one had 21 midbody
scale rows reducing to 19 a little distance posteriorly. The aberrant specimen was very dark (and
therefore in agreement with the description of L. crockeri) but three of the other specimens
matched it in colour. He concluded that 'there can be no doubt, therefore, that they all belong to

the same form'. The correct name to be applied to the Lake Tegano endemic, following Vols0e

(1958) is L. laticaudata crockeri with L. I. wolffi being reduced to a synonym of that form.

Recently, Cogger (1975: 124) implied that the status of L. laticaudata wolffi and L. crockeri

was uncertain, citing a suggestion by Voris (1969 unpublished thesis) to the effect that 'wolffi

may represent the product of recent hybridization between crockeri and immigrant laticaudata'.

Kharin (1984) treats L. laticaudata wolffi and L. crockeri as separate entities. However, McCoy
(1980: 70) is of the opinion that

'

crockeri and laticaudata wolffi are almost certainly synonymous'.
Wolff (1969, 1970) agreed with Vols0e and recognized only two forms from the lake; L. lati-

caudata crockeri and L. colubrina. He commented that whilst the lake population of L. colubrina

appears indistinguishable from individuals occurring outside the lake, 'L. crockeri has become

clearly differentiated from the ancestral form' (Wolff, 1970: 20), suggesting that either L.
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colubrina is a recent invader or 'for some unknown reason is the only one of the two species which

migrates to and from the lake through the subterranean channel'.

Among a large series of crockeri collected by him in 1977, McCoy (1980: 70) found that 'most

specimens had 19 scale rows at midbody, several had 21 and one individual had 19, 20 and 21

rows in an area around midbody', moreover 'there was no relation between the number of scale

rows and the degree of distinction of the dark banding'. In the present study of relatively large

series of Laticauda crockeri has been examined in the collection in the Zoologisk Museum,
Copenhagen (including the holotype and paratypes of L. I. wolffi.). The holotype of L. crockeri

(from the California Academy of Sciences) and a paratype of L. I. wolffi in the British Museum

(Natural History) have also been available. Table 2 displays the distribution of the supposed

diagnostic features of L. crockeri and L. I. wolffi in this sample. It can be seen that a midbody
count of 21 is uncommon (occurring in 2 out of 19 specimens) in the sample of crockeri examined.

That it is also aberrant is indicated by the complex scale row reduction formulae (given below) of

the two specimens recorded as having this count:

Scale row reduction formula of L. crockeri (HOLOTYPE) CAS72001

20

19

21

5 + 6 (before first ventral)

5 = 5 + 6(92), 6 + 7(94), 5 = 5 + 6(97)

5 = 5 + 6(88), 6 + 7(90), 5 = 5 + 6(96)

6 + 7(104) 5 = 5 + 6(108)
20

19

21

21

6 = 6 + 7(82)

5 = 5 + 6(82)

6 + 7(100)

6 + 7(112)

21

20-

20

6 + 7(83/84)

6 + 7(84)

5 = 5 + 6(103)

19

21

5 = 5 + 6(115) 5 + 6(118) 5 = 5 + 6(120)
20 21 20 21

6 + 7(127) 5 + 6(189) v = 2(196) 4 + 5(200)

6 + 7(126) 4 + 5(188) 2 = 2 + 3(202)

Scale row reduction formula of specimen ZMC66134

6 + 7(1 19), 5 = 5 + 6(120), 6 + 7(124)6 + 7(108) 5 = 5 + 6(110)
21 - - 20 21

19
4 = 4 + 5(129)

20 19

4 + 5(187)
19 17-

4 + 5(191)

6 + 7(131) 5 = 5 + 6(134)

16

6 + 7(124)

20-
6 + 7(139)

19

19

3 + 4(202)

The marked irregularity of the above formulae together with the rare occurrence of 21 midbody
scale rows is strong evidence for the atypical nature of the condition.

Complete melanism is also rather rare and not necessarily correlated with the number of

midbody scale rows (McCoy, 1980). It seems certain that Vols0e (1958) was correct in regarding

L. crockeri and L. I. wolffi as synonyms.
Whether to treat the endemic form as being only subspecifically distinct from L. laticaudata is

problematical. L. laticaudata and L. crockeri certainly resemble each other rather closely in many
features that are not shared with other Laticauda species e.g. azygous prefrontal scale is absent;

first rank of marginal lower lip scales is elongate; usually 19 midbody scale rows; heart tip in a

more anterior position than L. colubrina; tracheal lung absent; vestigial left lung present (like all

L. laticaudata and only some L. colubrina).
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Table 2. Laticauda crockeri, scale row reduction and extent of melanism.
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Registration number 1

Abbreviated scale

row reduction

neck: midbody: vent

Degree of melanism

head melanistic/

body melanistic
2

CAS72001 (Holotype of L. crockeri)
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afforded by knowledge of L. colubrina, a species that appears to be more terrestrial in its habits

than other species of Laticauda. This suggests that L. colubrina may be able to cross the high

ground surrounding the lake and thus maintain genetic flow with the marine population. Wolff

(1970: 13) observes that the lake is 'surrounded on all sides by a rim with a width of 0-9-2 km and
a continuous height of about 100 m'; the only exception is at the extreme eastern end of the lake

where the height of the rim is only 45 m.

The climbing ability of L. colubrina is demonstrated by a record of some specimens from

Taiwan that were found on top of a solitary coral reef about 50 mhigh (Mao & Chen, 1980).

Although L. crockeri 'has been found moving amongst short grass surrounding the lake'

(McCoy, 1980: 70) it may be less terrestrial in its habits than L. colubrina and a barrier of the

dimensions described by Wolff might well prevent it commuting between the lake and the sea.

Laticauda colubrina (Schneider, 1 799)

This species has a very widespread distribution which is largely shared with L. laticaudata.

Additionally there are some reports of L. colubrina from Nicaragua (Villa, 1962), Mexico

(Alvarez del Toro, 1982) and El Salvador (Villa, pers. comm.). Unfortunately these records are

based on material that is no longer available for examination; the presence of L. colubrina in

tropical America therefore requires substantiation (Villa, pers comm.).*

Through its range, L. colubrina shows considerable variation in neck and body coloration and
in some aspects in its scalation. Enderman (1970) considers that six populations of L. colubrina

are worthy of subspecific recognition: (i) NewCaledonia; (ii) Fiji, Tonga, Society Islands; (iii)

New Hebrides (
= Vanuatu), Solomons, Bismarck Archipelago; (iv) Geelvink Baai (northern

Irian, New Guinea); (v) Lesser Sunda Islands and S.W. New Guinea to Ryukyus, Japan; (vi)

Sumatra, Malaya, Bay of Bengal. The features which Enderman cites to support the recognition

of these subspecies comprise mainly relatively minor differences in neck and body banding; he

also observes that populations (i)-(i v ) usually lack a postmental scale whereas populations (v)

and (vi) normally have one (Fig. 3).

Amino acid sequencing of neuro toxins reveals at least three genetically different populations of

L. colubrina: the difference in the structure of long-chain neurotoxins, between populations from

Japan and the Philippines in contrast with those from the Solomons, Fiji and NewCaledonia, is

Fig. 3 Chin shields of Laticauda colubrina. (a) Typical 'western' form (Solomon Is); postmental scale

absent, (b) Typical 'eastern' form (Singapore); postmental scale present (stippled).

*A female specimen in Stuttgart Museum (SMNS-4203) is alleged to have been collected in Guatemala in 1877 (donor

unknown); the collecting locality is thought doubtful (Wermuth & Schluter, pers. comm.). In most respects the specimen

appears to be a fairly typical western form having a fairly low ventral count (226) and lacking a postmental scale. It has

one incomplete light band on its neck and 28 dark bands on its body.
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especially well-marked (Tamiya et al., 1983). Very recently a population in Vanuatu, with low

ventral scale count and unusual neck coloration, has been studied, which appears to be a distinct

species, occurring sympatrically with more typical L. colubrina. A related population occurs in

the northern part of the Tonga island group (Cogger, pers. comm.).
A full analysis of population variation in L. colubrina is beyond the scope of the present study.

However, examination of some morphological characters of 72 specimens (Table 3) indicates

that, like L. laticaudata, the main division appears to be into eastern and western forms. The
trend in ventral counts of L. colubrina is for them to be generally higher in eastern specimens than

western specimens. This tendency in ventral counts is also reflected in some L. colubrina literature

records. Guinea (1981), for instance, give mean ventral counts of 223 (n = 6) and 228-7 (n =
10),

for males and females respectively, from Fiji, whereas Mao & Chen (1980) give mean counts of

231 (n = 9) and 236 (n =
16), for males and females respectively, from Taiwan.

Some other characters are only variably present in L. colubrina i.e. azygous prefrontal scale

and vestigal left lung, but these features appear to show no obvious correlation with geographic
distribution.

Table 3. Laticauda colubrina; geographical variation in the ventral counts and in postmental presence.

Locality
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Laticauda semifasciata (Reinwardt in Schlegel, 1837) and
Laticauda schistorhynchus (Giinther, 1874)

L. semifasciata and L. schistorhychus closely resemble each other, indeed they mainly appear to

have only average differences, i.e. number of ventrals and bands on the body and in maximum
adult size (Smith, 1926).

Tamiya et al. (1983: 447) analysed neurotoxins and found that L. semifasciata and L. schisto-

rhynchus are genetically homogeneous as far as these components are concerned. Guinea,

Tamiya & Cogger (1983) concluded that there is no justification for treating L. semifasciata and
L. schistorhynchus as separate species.

There do indeed seem reasonable grounds for considering the two forms conspecific. However,
there is no proof that they interbreed; L. semifasciata and L. schistorhynchus are completely

allopatric being separated by an enormous gap. L. semifasciata has been recorded from South

Japan, Riu Kius, Philippines, Moluccas and Lesser Sunda Islands, whereas L. schistorhynchus
is found in the Pacific at Niue, Tonga and Samoa. There is however a single dubious record of

L. schistorhynchus from 'Bertrand' Island (
= Tendanye Island), NewGuinea (a specimen in the

Hamburg Museumcited by Smith 1926).

The circumstances that led to splitting of L. semifasciataj schistorhynchus populations are

unknown but it is possible that competition from similar forms might, at least in part, be

responsible. In the area where members of the semifasciata group are absent, for instance, there

occur members of the genus Aipysurus. Aipysurus comprises several species of hydrophiines that

are confined (with the exception of A. eydouxi) to the continental shelf waters of Australia and
NewGuinea, they also occur in parts of the extreme south west Pacific Ocean (Cogger, 1975: 72).

This diversity of shallow-water sea snakes might well fill niches that are thus unavailable for the

semifasciata group; this theory might also account for the relative rarity of other Laticauda

species in Australian waters.

Characters examined Data matrix

The Elapidae are a relatively large family (comprising 244 species according to Dowling &
Duellman, 1978; McCarthy, 1985), therefore there are practical difficulties in examining all elapid

species for many characters that might have relevance to the question of laticaudine relationship.

Table 4. Survey of Laticauda 'special features'.

Character state numbers (derived conditions)
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In order to cope with this problem it was decided to carry-out methods of analysis on a sample

comprising all species of Laticauda together with a selection of ten other elapids.

The non-laticaudines in the sample were selected on the basis of a survey of the Elapidae for

seven characters of Laticauda that were hitherto believed to have a restricted distribution outside

the genus. The results of the survey are summarised in Table 4. The resulting sample of elapids
was then examined for 45 binary and 20 multistate characters (Table 5) and a data matrix was

compiled (Table 7).

Polarity of the characters (Table 6) was mainly determined on the criterion of out-group com-

parison i.e. if a character state is common(widespread) among Caenophidia (higher snakes), it is

regarded as primitive within the Elapidae. A more detailed account of the characters analysed,
and polarity criteria used, is given by McCarthy (1982).

The problem of relationship is considered from a number of perspectives i.e. from the view-

point of overall ('phenetic') resemblance (see Sneath & Sokal, 1973) and from the viewpoint of

various phylogenetic ('cladistic' or 'evolutionary') approaches (see review by Felsenstein, 1982).
Two basic levels of affinity will be considered here: (a) The relationships of Laticauda species to

each other, (b) The relationships of the genus Laticauda to other elapids.

Interspecific relationships within genus Laticauda

Phenetic analysis

Overall (phenetic) similarity can be measured in many ways; one of the most commonly used

coefficients is the simple-matching coefficient and it is this expression of resemblance that is used

here. Simple-matching coefficients are calculated (e.g. Sneath & Sokal, 1973: 132) according to

the formula:

m
Ssm =

n

(where m= the number of matches between pairs of taxa and n = the number of characters)

The overall similarity matrix is shown in Table 8. From this the scheme illustrated in Fig. 4 was
constructed using the 'unweighted pair-group' method of clustering (as discussed by Sneath &
Sokal, 1973: 230-234).

From Figure 4 it can be seen that Laticauda semifasciata and L. schistorhynchus are very close

to each other phenetically; similarly L. crockeri and L. laticaudata cluster together. L. colubrina

resembles L. laticaudataj crockeri more than it does L. semifasciata/ L. schistorhynchus. Overall,

the topology is the same as in the phenogram presented by Voris (1977: 91) who also used simple

matching coefficients on his data.

Phylogenetic analysis

Phylogenetic (cladistic) analysis involves considering the relationships between taxa in terms of

shared derived characters ('synapomorphies'). Reference to the data matrix (Table 7) shows that,

when only derived states are considered, there is a conflict between 9 states (7-2; 12-1; 29; 32; 56;

57-2; 58; 60; 64-2) supporting the association of L. colubrina with the L. laticaudata lineage and 4

states (1-1; 8-2; 14; 15) supporting the clustering of L. colubrina with the semifasciata lineage. The

principle of parsimony ('democratic method' Arnold, 1981: 21) leads one to accept the scheme

that is supported by most evidence i.e. the same topology as suggested by phenetic analysis (Fig.

4) with colubrina associated with laticaudata and crockeri. However 6 of the 9 states supporting
this association have rather arbitrary polarity determinations (12-1; 29; 32; 58; 60; 64-2) and

perhaps should not be used as primary evidence. If arbitrarily scored states are discounted, the

balance of evidence shifts marginally in favour of a scheme associating colubrina with the semi-

fasciata lineage. Two of the 4 states supporting the association of colubrina with semifasciata are

variable the primitive state occurring in some individuals i.e. in colubrina, the azygous prefrontal



138

Table 5.

C. J. MCCARTHY

Summary of character states included in matrix

Additive binary codings

(where relevant)

1.1.



RELATIONSHIPSOF THE LATICAUDINE SEA SNAKES

Table 5. cont.
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Summary of character states included in matrix

Additive binary codings

(where relevant)

18.
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Summary of character states included in matrix

Additive binary codings

(where relevant)

37.



RELATIONSHIPSOF THE LATICAUDINE SEA SNAKES 141

Table 5. cont.

Summary of character states included in matrix

Additive binary codings

(where relevant)

55.

56.



142 C. J. MCCARTHY

Table 6.

Polarity patterns

A. > 1

Characters with pattern A:-

1-1,1 -2,2,3,4,9, 1 0, 1 3, 1 4, 1 5, 1 8, 1 9,20,24,27,29,30,3 1 ,32,33,34,35,36,37,38,

39,40,42,43,44,47,48,49,50,52,53,55,56,58,59,60,61,62,63,65.

B. 0- -->!- -- 2

Characters with pattern B:-

7,11,12,16,17,23,28,41,46,54.

C. 0- -- >1- -- >2- 3

Character with pattern C:-

26.

D. 1 <-- -0- >2
Characters with pattern D:-

5,6,8,21,25,64.

E. 1< >2 >3
Character with pattern E:-

51.

F. 3 -!<--
Character with pattern F:-

45.

Character with pattern G:-

57.

indeed divergent from the other Laticauda lineages it appears possible that L. colubrina is phylo-

genetically closer to L. semifasciata than it is to L. laticaudata, a relationship that would be
obscured if L. colubrina and L. semifasciata were placed in different genera. It is therefore

thought best to here retain the genus Laticauda in its former broad sense.

Wider relationships of genus Laticauda
Phonetic analysis

Simple matching coefficients and unweighted pair group clustering were used to depict phenetic

relationships between all the elapids in the sample (Table 8 and Fig. 4).

Laticauda and other sea snakes appear to share only a relatively low level of phenetic simi-

larity (see also Voris, 1977: 91). Additionally Laticauda shares more overall similarity with the

terrestrial elapines in the sample than with the hydrophine sea snakes.

Phylogenetic analyses

Wagner Parsimony
The program used in the present study is Farris' 'Advancement sequenced Wagner Program
phase AF, version 1/4/69'. The data matrix (Table 7) is modified for Wagner analysis to the

extent that variable states are treated as derived (state 1) and unrecordable states are scored as

primitive (0). The order of input in Farris' algorithm is governed by advancement-indices; taxa

with the smallest number of derived characters being incorporated first, those with the greatest
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Table 8. Overall similarity matrix (simple matching coefficients).
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number of derived characters are added last. However Felsenstein (1981) recommends perform-

ing a number of runs, altering the order of input of taxa, as a trial & error strategy for finding the

shortest tree.

In all four runs were undertaken:

1. Entire data set; advancement-index sequenced.
2. Entire data set; taxa in order of Le Quesne test labelling (see p. 1 56).

3. Characters with more arbitrarily scored polarities excluded; advancement-index sequenced.
4. Characters with more arbitrarily scored polarities excluded; Le Quesne test labelling

governing the order of input of taxa (see p. 156).

With the full data set, examined by the unmodified sequence method (run 1), Laticauda and the

true sea snakes appear not especially closely related; Parapistocalamus is sister to Laticauda (Fig.

5a). Altering the program to treat taxa in a modified order based on Le Quesne test labelling (run

2) produced a less parsimonious tree (213 steps vs. 204 steps). The topology of this tree (Fig. 5b)

suggests that Laticauda, 'true' sea snakes and kraits (Bungarus) are all relatively closely related.

Reducing the data set to consider only the more confidently scored characters (runs 3 and 4)

produced two more topologies for consideration. In the advancement sequenced run (3) Fig. 5c,

the tree was similar to that produced in run 1 in the sense that Laticauda and the true sea snakes

appear only remotely related. However, run 3 estimates the sister of Laticauda to be not only

Parapistocalamus but also Micrurus. Repeating the run, this time with Le Quesne test sequencing

(run 4) Fig. 5d produced an equally parsimonious tree (the trees produced by both runs 3 and 4

are 139 steps). However, the topology of the tree resulting from run 4 resembles that of rejected

run 2 in closely relating Laticauda and the 'true' sea snakes with each other, Bungarus is not

considered close to the sea snakes though, instead Parapistocalamus and Micrurus together form

the sea snake sister group.

Detection of homoplasies in Wagner trees

(i) Procedural estimate

The general amount of homoplasy (reversals and parallels) present in Wagner trees may be esti-

mated by dividing the number of derived character states by the total number of character state

changes (steps) in the tree. The result, expressed as a percentage, is termed the consistency ratio

or homoplasy index. The homoplasy indices of various Wagner tree runs in the present study are

as follows:

Homoplasy Index

Run 1 89/204 x 100 43-63%

Run 2 89/213 x 100 41-78%

Runs3&4 65/139 x 100 46-76%

In comparison, Kluge (1976: 45) derived a scheme for pygopodid lizards that has rather less

'noise' than is detected in the present study (its homoplasy index is 57-2%) whereas Moody's
(1980: 124) Wagner tree for agamid lizards has almost twice as much homoplasy as the trees in

the present study (the index is 24-7%).
The Wagner tree algorithm, by creating hypothetical intermediates at nodes, assesses the impli-

cations of each topology for every character state so that the number of reversals and parallels

hypothesized for each character may be compared. Table 9 shows the changes of each character

implicit in Wagner trees produced by runs 1, 3 and 4. However the Wagner tree algorithm gives a

purely procedural estimate of homoplasies; some of the decisions, when judged by biological cri-

teria, may appear unrealistic. For example, character 14 (vestigial left lung loss) is hypothesized
to have been reversed three times in runs 3 and 4 but, biologically, a more likely explanation may
be that such a vestige would have instead been lost, in parallel, on several occasions.

(ii) 'Fours' analysis
Underwood (1982) recently suggested a method for detecting parallelism. This program enables

taxa to be selected in groups of four and gives the distribution of derived states among these taxa;

in this way conflicts of evidence are clearly exposed.
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Table 9. Number of parallels (P) & reversals (R) hypothesized for some Wagner tree runs.

Character



14 15

RELATIONSHIPSOF THE LATICAUDINE SEA SNAKES

10 6 2 4 6 10 13 14 15

153

4

a

13 14 15 Ip
6 2 4 15 IP 6 13 14 2

Fig. 6 'Fours' analysis. Topologies, in various Wagner tree runs, of seven taxa selected for 'fours'

analysis. Taxa numbered as in Fig. 4. (a) Wagner tree run 1. (b) Wagner tree run 2. (c) Wagner tree

run 3. (d) Wagner tree run 4.

10(a) deals with Micrurus surinamensis (10), Parapistocalamus hedigeri (6), Laticauda crockeri (2)

and Laticauda semifasciata (4). Wagner run 1 suggests an asymmetric dichotomy pattern for

these taxa whereas run 3 suggests symmetric dichotomies. Of the non-arbitrary characters

supporting the alternatives there is a tie; one character 51-2 (saddle-joint between palatine and

pterygoid) supporting run 1 while character 45-1 (position of the anterior vidian foramen) sup-

ports run 3. Three non-arbitrary characters are incompatible with either of these arrangements:
56 (parietal ridge) and 57-2 (prefrontal/frontal articulation) associate Micrurus surinamensis (10)

and Laticauda crockeri (2), while 14 (absence of a vestigial left lung) occurs in Micrurus (10),

Parapistocalamus (6) and Laticauda semifasciata (4). However the small number of characters

suggesting that L. crockeri and L. semifasciata might have closer affinities with taxa outside the

genus are outweighed by thirteen non-arbitrary derived characters shared by these two species of

Laticauda.

Another fours print-out (Table lOb), this time replacing Parapistocalamus with Aipysurus

fuscus (14) brings into consideration some of the characters supporting the affinities of Laticauda

with other sea snakes. The proposition that Micrurus surinamensis (10) is more closely related to

Laticauda (4) than is Aipysurus (14) (runs 1 and 3) is supported by five non-arbitrary characters

but out- voted by twelve non-arbitrary characters supporting the close affinity of Laticauda with

Aipysurus. Additionally, the assumption that L. crockeri is closely related to L. semifasciata

(supported by characters 9 and 65) is challenged by three characters (1-1, 15 and 35) which

suggest that L. semifasciata is more closely related to Aipysurus, a topology not suggested by any
of the Wagner runs in the present study.



Table 10. 'Fours' analysis.

(a) Taxon numbers 10 6 2 4:-

1100: -20 45-1

0011: 7-1 9 10 16-1 -19 36 37 38 44 46-1 46-2 48 49 65

1010: -29 56 57-2

0101: 35

1101: 14

0111: 51-2

1000: 51-1 55

0100: 5-1 6-1 28-1 28-2 42 45-3 50 51-3 52

0010: 7-2

0001: 1-1 2 82 15 26-3 33 34 57-1

(b) Taxon numbers 10 2 4 14:-

1100: -29 57-2

0011: 1-1 15 35

0101: -12-1

1001: -20 -21-2

0110: 9 -19 -23-1 -24 65

1110: 25-2 26-1 26-2 41-1 41-2

1101: 56

1011: 14

0111: 7-1 10 16-1 36 37 38 44 46-1 46-2 48 49 51-2

1000: 45-1 51-1 55

0100: 7-2

0010: 2 8-2 26-3 33 34 57-1

0001: 1-2 3 4 5-2 6-2 11-1 11-2 12-2 16-2 40 42 45-2 47 50 57-3

(c) Taxon numbers 10 13 4 14:-

0011: 1-1 7-1 35 36 37 38 46-1 46-2

1010: -17-1 25-2 41-1 41-2 -62
0101: 3 4 11-1 11-2 -12-1 47 50 57-3

1001: -20
0110: 26-3 -30

1110: 26-1 26-2

1101: 56

1011: 14

0111: 10 15 16-1 44 48 49 51-2

1000: 45-1 51-1 55 57-2

0100: 39 51-3 52 54-1 54-2

0010: 2 8-2 9 33 34 57-1 65

0001: 1-2 5-2 6-2 12-2 16-2 40 42 45-2

(d) Taxon numbers 10 15 4 14:-

1100:

0011:
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Introducing another hydrophiine sea snake into the fours analysis and withdrawing Laticauda
crockeri leads to the print-out given in Table 10 (c). Seven non-arbitrary characters support the

inclusion of Laticauda semifasciata (4) in the same group as Aipysurus (14) and Ephalophis (13)
whereas only three suggest that L. semifasciata is more closely related to Micrurus surinamensis

(10) than it is to hydrophiine sea snakes. Relationships within the sea snakes are balanced between
the seven non-arbitrary characters supporting the affinities of Aipysurus with Ephalophis and the

eight non-arbitrary characters supporting the association of Aipysurus with L. semifasciata.
As L. semifasciata and Aipysurus fuscus are the respective laticaudines and hydrophiines that

seem to have most derived characters in common, a fourth print-out (Table lOd) was obtained to

assist in evaluating the evidence supporting laticaudine/hydrophiine relationships. In addition

to L. semifasciata (4) and A. fuscus (14) the elapines Bungarus flaviceps (15) (a species which is

associated with hydrophiine sea snakes in Wagner tree runs 1-3) and Micrurus surinamensis (10)
are also included.

If it be assumed that Laticauda and hydrophiine sea snakes do not share close commonances-

try it might be anticipated that the majority of derived features shared by the two groups would
be parallel marine adaptations. However, of the twelve non-arbitrary derived states shared by
Laticauda semifasciata and Aipysurus fuscus, only three appear to be likely aquatic adaptations,

namely: 10 (paddle-shaped tail), 15 (tracheal lung present), 16 (muscular air sac). Of the other

characters, 1-1 (azygous prefrontal) and 7-1 (marginal lower lip scales) are possibly not homo-
logous in the two groups. Aipysurus fuscus is inclined to have its head shields irregularly

fragmented therefore the inference that these are truly derived characters, shared by Aipysurus
and Laticauda, may in fact be spurious. Absence of a palatine medial wing (49) and presence
of a saddle-joint between palatine and pterygoid (51) are both found in a number of other taxa

(Marx & Rabb, 1972 and McCarthy, 1982), and appear likely to have occurred independently
several times in snake evolution. Broad flaring of the quadrato-maxillary ligament (35) has been
found additionally in Parapistocalamus. The unusual hyoid muscle conditions in Laticauda and

Aipysurus (characters 36, 37 and 38) do appear to be restricted to these two genera and may
be potentially robust indicators of phyletic affinity but the extent of the distribution of these

characters remains to be more fully investigated (McCarthy, in prep.). Character 48 (caudal

haemapophyses fused) is unusual for snakes and might be a significant similarity shared between

Laticauda, Aipysurus, Emydocephalus , and Ephalophis; the only elapines in which this state has
been found are two species of Calliophis (McCarthy, 1982: 146).

Characters shared by Laticauda semifasciata and Micrurus surinamensis are:- venom gland

down-turning (25-2), quadrate attachment of the superficialis muscle (26-1, 26-2) and a small

dorsal extension of the dentary in comparison with the ventral extension (41-2). None of these

characters are exclusively shared by Laticauda and Micrurus but at least 25-2 and 41-2 are rather

restricted in their distributions among other elapids (McCarthy, 1982: 101 and 132). Characters

26-1 and 26-2 have rather wider distributions, occurring for example in a number of Australasian

elapines (McDowell, 1967: 536 if.).

Compatibility
In contrast to parsimony methods, which aim to find the shortest tree thereby minimizing

assumptions of homoplasy, compatibility methods exist to find a tree which is compatible with

the largest number of characters irrespective of the number of changes that may need to be

assumed in other characters (Felsenstein, 1982). When pairs of binary characters are compared
and all four possible combinations of states are found it is a logical consequence that at least one
of the character states is not uniquely derived (Le Quesne, 1969).

The program used in the present study is that devised by Underwood, which compiles a

character-pair matrix, works out the number of Le Quesne test incompatibilities per character

and then computes the ratio between actual and expected failure rates. Additionally the number
of times the occurrence of a character state in a particular species is uniquely responsible for Le

Quesne test incompatibility is noted; this procedure is termed 'labelling' by Guise, Peacock &
Gleaves (1982). The number of labelling events for each species is totalled (Table 11) and the
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Table 11. Le Quesne test; the number of labelling

events per taxon.

Taxon Number of times labelled

1
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Table 12. Le Quesne test: observed/expected failure rates.

Le Quesne's coefficient of character state randomness =
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4 5 14 13

7.2 2
21.1

34
19

65

7.1

10

16.1
49

I 2 345 678 9 10 II 12 15

17.1

I 2 3 5 6 10 II 13

26.1

9 II 12 8 10 II 12

59 55

Fig. 7 Le Quesne test cladograms, described by characters having an observed: expected survival

ratio <0-5.

related to particular groups of terrestrial elapines than to hydrophiines (a topology suggested
both by phenetic analysis and by some parsimony runs).

Evidence from immunology (e.g. Cadle & Gorman, 1981; Mao et al., 1983) and karyology

(Mengden pers. comm.) again indicates that the affinities of laticaudines lie with hydrophiines

(and Australian terrestrial elapids) although samples tested so far appear not to have included

some taxa which McDowell hypothesises to be closely related to Laticauda i.e. Calliophis,

Maticora and Parapistocalamus.
The method of sample selection in the present study (Table 4) has led to the terrestrial sample

to be rather biased towards Asiatic and American elapids. Given some of the recent evidence

provided by biochemical and chromosomal data it would be instructive for future studies further
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to investigate Australian terrestrial elapids to assess the degree to which the apparent affinity of

this group with laticaudines and hydrophiines is corroborated by morphological evidence.

The present assessment of the relationships of laticaudine sea snakes must therefore be that,

while the bulk of the evidence examined supports the affinity of laticaudines with hydrophiines,

more information is required about the distribution of some characters in order to be able to

resolve precisely the relationships of either sea snake group with particular groups within the

largely terrestrial Elapinae. The classification recommended by McCarthy (1985) with Elapinae,

Laticaudinae and Hydrophiinae treated as equivalent subfamilies of the Elapidae reflects the

present lack of clear resolution in the relationships between the three subfamilies, a situation that

hopefully will be improved as more morphological, biochemical and karyological information

becomes available.
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